Most research on creatine has focused on short-term creatine loading and its effect on highintensity performance capacity. Some studies have investigated the effect of prolonged creatine use during strength training. However, studies on the effects of prolonged creatine supplementation are lacking. In the present study, we have assessed the effects of both creatine loading and prolonged supplementation on muscle creatine content, body composition, muscle and whole-body oxidative capacity, substrate utilization during submaximal exercise, and on repeated supramaximal sprint, as well as endurance-type time-trial performance on a cycle ergometer. Twenty subjects ingested creatine or a placebo during a 5-day loading period (20 g : day − 1 ) after which supplementation was continued for up to 6 weeks (2 g : day − 1 ). Creatine loading increased muscle free creatine, creatine phosphate (CrP) and total creatine content (P 0.05). The subsequent use of a 2 g : day − 1 maintenance dose, as suggested by an American College of Sports Medicine Roundtable, resulted in a decline in both the elevated CrP and total creatine content and maintenance of the free creatine concentration. Both short-and long-term creatine supplementation improved performance during repeated supramaximal sprints on a cycle ergometer. However, whole-body and muscle oxidative capacity, substrate utilization and time-trial performance were not affected. The increase in body mass following creatine loading was maintained after 6 weeks of continued supplementation and accounted for by a corresponding increase in fat-free mass. This study provides definite evidence that prolonged creatine supplementation in humans does not increase muscle or whole-body oxidative capacity and, as such, does not influence substrate utilization or performance during endurance cycling exercise. In addition, our findings suggest that prolonged creatine ingestion induces an increase in fat-free mass.
INTRODUCTION
Many studies have shown that oral creatine supplementation increases total creatine and creatine phosphate (CrP) content in human skeletal muscle [1] [2] [3] [4] [5] . Ingestion of 20 g creatine per day for a period of 2-6 days has been shown to result in an approx. 20 % increase in muscle CrP concentration [2, 4, 5] . A higher CrP concentration increases its availability for ATP re-phosphorylation, and via this mechanism may lead to the well-known improvements in performance during repeated highintensity exercise tasks [3, [6] [7] [8] [9] [10] . Subsequently, creatine supplementation has become a common practice in both professional and recreational athletes [11] . So far, most research has focused on the ergogenic capacity of shortterm creatine supplementation (i.e. loading phase, loading phase plus short maintenance) and only few data are available on the effects of prolonged creatine supplementation [11] [12] [13] [14] .
It is generally assumed that short-term creatine supplementation has no, or even a negative, effect on endurance performance [11] [12] [13] [14] . However, Brannon et al. [15] observed an increase in muscle citrate synthase activity following a prolonged (4 week) creatine supplementation period in both rats that were trained, as well as in those that remained untrained, during the supplementation period. With citrate synthase as a mitochondrial marker enzyme, these results suggested that prolonged creatine ingestion could affect muscle oxidative capacity, skeletal muscle substrate utilization and endurance performance during submaximal exercise. In addition, results from a recent study [16] also suggest that prolonged creatine ingestion could up-regulate muscle GLUT4 expression, implying that both substrate transport proteins, as well as oxidative enzymes, could be up-regulated.
In many studies [2, 7, 11, [17] [18] [19] [20] , a significant increase in body mass has been observed following short-term creatine supplementation. In general, the increase in body mass with creatine loading ranges from 1.0 to 2.2 kg. This gain in body mass has been suggested to result from water retention in skeletal muscle due to increased cellular osmolarity [5, 7, 11, 21] . However, creatine ingestion has also been suspected to stimulate myofibrillar protein synthesis [11, 22, 23] and\or inhibit protein breakdown [24] . It is not yet known whether the initial gain in body mass during creatine loading is maintained following prolonged supplementation and, if so, whether this reflects a gain in total fat-free mass.
As most research has focused on (short-term) creatine supplementation, strength training and\or high-intensity performance capacity, studies on the effects of prolonged creatine supplementation in humans are lacking. In the present study we aimed to assess the effects of creatine loading and long-term supplementation on muscle creatine content, body composition, muscle and wholebody oxidative capacity in humans not involved in any regular exercise training. In addition, we determined the effects of short-and long-term creatine use on substrate utilization during submaximal endurance exercise of various intensities and on performance capacity during repeated supramaximal sprint, as well as endurance cycling exercise.
METHODS

Subjects
Twenty healthy, young, non-vegetarian male subjects, with no history of participation in any regular exercise training regimen, were recruited for this study. Subjects were assigned in a group-matched fashion for maximal aerobic workload capacity (Wmax ; expressed per kg of fat-free mass) and maximal oxygen uptake capacity (V} O # max ; expressed per kg of fat-free mass) to either a creatine-supplemented (C) or placebo (P) group. Subjects' characteristics are provided in Table 1 . All subjects were informed about the nature and risks of the experimental procedures before their informed consent was obtained. All research has been carried out in accordance with the Declaration of Helsinki (2000) of the World Medical Association and has been approved by the local medical ethical committee.
Creatine supplementation
Subjects were given oral supplements over a 6 week period, either creatine-containing supplements (C group) or a placebo (P group). Supplements were provided in a double-blind fashion. The C group received 20 g (4 packages, each containing 5 g) creatine monohydrate per day (100 % pure creatine monohydrate ; Pfanstiehl Laboratories, Wachegom, IL, U.S.A.) during an initial 5 day loading phase, followed by 2 g : day −" during the subsequent 37 day maintenance phase (supplementation The Netherlands) and 10 g of maltodextrin (AVEBE). The P group received the same packaged supplements, without creatine monohydrate. Supplements could not be distinguished from each other, as a poorly soluble maltodextrin was chosen to mask the low solubility of creatine monohydrate. All subjects were instructed to dissolve the supplements in (luke) warm water before ingestion. During the loading phase, subjects were instructed to ingest one supplement package with breakfast, lunch and dinner and the fourth package around 22.00 hours (p4 h intervals between supplement ingestion each day during the loading phase). In the maintenance phase, subjects ingested the supplement during dinner (i.e. evening meal).
Exercise protocols
At least one week before the first set of measurements, all subjects were already thoroughly familiarized with the implemented exercise tests [a V} O # max test, a highintensity exercise performance test (HIT test) and an endurance test (END test)] by having performed each test once. All exercise tests were performed on mechanically braked cycle ergometers (Lode Excalibur, Lode, Groningen, The Netherlands). After the familiarization trials, subjects performed all tests prior to the onset of supplementation (before day 0), after the loading phase (between days 6-10) and after 6 weeks of supplementation (between days 42-46). Supplementation was continued until the last measurement was performed. During the testing periods, subjects were instructed to abstain from any strenuous physical exercise. The different exercise tests were separated by at least 48 h.
V } O 2 max test
Wmax and V} O # max (the latter as a marker for wholebody oxidative capacity) were determined on an electronically braked cycle ergometer during an incremental exhaustive exercise test [25] . During this test oxygen uptake (Oxycon-β, Mijnhardt, Bunnik, The Netherlands), and heart rate were recorded continuously (Polar Electro, Kempele, Finland).
HIT test
The HIT test was used to assess peak power output and total external work during 12-s intermittent maximal sprints on a cycle ergometer. The HIT test comprised a maximum of 12 all-out sprints lasting 12 s per sprint. Successive sprints were interspersed by 48 s of active recovery during which a 100 W workload was maintained. Five seconds before the start of each 12 s sprint, subjects were instructed to stop cycling and the supervisor counted down until the start of the sprint. The subjects were encouraged to sprint at maximal pace, while trying to maintain this pace throughout the entire 12 s period. During the sprint, the cycle ergometer was programmed in a hyperbolic mode (calibrated up to 1400 W), depending on cadence. The linear factor was calculated using the following formula :
Linear factor l workload\RPM# in which workload was set at three times a subjects' individual Wmax, with a rotational speed (RPM) at 100 rev.\min. During the entire sprint, the workload was continuously measured using the formula :
Workload l calculated linear factoriRPM# Peak power during each sprint was assessed, and the total external work (EW ; expressed in J) during each sprint was calculated using the formula :
EW l average power per sprint i12
END test
The END test was used to determine the effects of creatine supplementation on substrate utilization and performance during prolonged submaximal cycling exercise. The END test consisted of three consecutive 20 min exercise stages at a workload of 40, 50 and 60 % Wmax, immediately followed by a 20 min time-trial (TT). In contrast with the first three stages, the cycle ergometer was switched into hyperbolic mode during the TT. Similar to the HIT test, a linear factor was calculated, in which workload was set at 70 % Wmax and rotational speed was individually adjusted for each subject, varying from 80-90 rev.\min. During the TT, both average workload and total external work were calculated. In the TT subjects were encouraged to cycle as fast as possible for the entire 20 min period, thereby mimicking (the endstages of) real-life endurance cycling competition in a laboratory environment. These TT protocols have previously been evaluated in our lab, showing a much smaller variation (coefficient of variance 4 %) than open-end trials until exhaustion [26] .
All subjects were instructed to fill out a food intake diary for 2 days prior to the first END test and to keep their dietary intake as identical as possible prior to the consecutive two END tests. All subjects were provided with a standardized meal [2.7 kJ ; relative contribution of total energy content of the meal : protein, 15 % ; carbohydrate, 75 % ; fat, 10 % (Honig, Koog a\d Zaan, The Netherlands)], which they ate at 20.00 hours on the evening before each END test. Thereafter, subjects were allowed to drink only water. After this overnight fast, subjects arrived at the laboratory at 08.00 hours by car or public transportation. First, a percutaneous muscle bi-opsy [27] was taken from the vastus lateralis muscle (in the left leg). Thereafter, a Teflon catheter (Baxter BV, Utrecht, The Netherlands) was inserted into an antecubital vein. Blood samples were collected during the END test at t l 0 min and at 10, 15 and 20 min into every 20 min stage at the 40, 50 and 60 % Wmax workload respectively. Expired gases were analysed continuously (Oxycon-β) during the last 10 min of each stage. Total fat oxidation and carbohydrate oxidation rates were calculated using the non-protein respiratory quotient [28] using the formulae :
With V} O # and V} CO # expressed in litre : min −" and oxidation rates in g : min −" .
In the TT, no breath and blood samples were collected to minimize disturbance and maximize performance. As muscle biopsy samples were collected before the END test, these trials were performed immediately before supplementation (at day 0), after the 5 day loading phase (on day 6) and after the entire 6 weeks of supplementation (on day 43).
Body composition
Body composition was assessed using the hydrostatic weighing method in the morning after an overnight fast. Simultaneously, residual lung volume was measured by helium-dilution technique using a spirometer (Volugraph 2000, Mijnhardt). Body mass was measured with a digital balance with an accuracy of 0.001 kg (E1200 ; August Sauter GmbH, Albstadt, Germany). Body fat percentage was calculated using the Siri's equation [29] . Fat-free mass was calculated by subtracting fat mass from total body mass. Body mass was determined before supplementation, after the loading phase (on day 6) and after the entire 6 week supplementation period (on day 43). As no measurable gain in fat-free mass can be expected to occur within 5-6 days, hydrostatic weighing was performed before and after the entire 6 week supplementation period.
Analysis
Blood samples (5 ml) were collected into EDTA-containing tubes and centrifuged for 5 min at 4 mC at 1000 g. Aliquots of plasma were immediately frozen in liquid N # and stored at k80 mC until plasma lactate and ammonia concentrations were analysed. Plasma for ammonia analysis was deproteinized with 0.3 M perchloric acid and analysed fluorometrically for ammonia with glutamate dehydrogenase, with the COBAS BIO semi-automatic analyser (Roche, Basel, Switzerland). Muscle samples were immediately frozen in liquid N # and stored at k80 mC. One fraction [p0.030 g (w\w)] was freezedried, after which collagen, blood and other non-muscle material were removed from the muscle fibres under a microscope. Thereafter, each sample was pulverized, and powdered extracts were used for spectrophotometric determination of free creatine, CrP, total creatine and ATP content [30] . The other fraction of the muscle sample was used to determine citrate synthase activity (as a marker for muscle mitochondrial content, i.e. muscle oxidative capacity). Approx. 10 mg of wet muscle was weighed and homogenized in 0.175 M KCl and 2 mM EDTA (pH 7.4) buffer. After freeze-thawing twice, samples were spun and the supernatant was subsequently used to determine citrate synthase activity spectrophotometrically [31, 32] .
Statistics
The results are expressed as the meanspS.E.M. The statistical significance of differences between groups was assessed by a two-way repeated ANOVA. Statistical differences over time within each group were analysed by a single-factor repeated measures ANOVA. A Scheffe's post-hoc test was applied to locate any differences. Statistical significance was set at P 0.05.
RESULTS
Muscle analysis
Muscle creatine and ATP contents before supplementation (day 0), after the initial loading phase (on day 6) and after 6 weeks of continued supplementation (on day 42) are reported in Table 2 . One subject in the C group (n l 10) did not respond to creatine supplementation. This subject was regarded as a non-responder [2] , and therefore excluded from the statistical analyses (n l 9). Exclusion of the non-responder did not significantly change the average creatine content data. After 5 days of supplementation in the C group, muscle free creatine, CrP and total creatine content were significantly increased compared with pre-supplementation values (j51p10, 25p10 and 32p5 % respectively). After the entire 6 week supplementation period (on day 42), muscle CrP and total creatine content had decreased, and were not significantly different from baseline values. Muscle ATP content was similar in both groups and did not change following creatine supplementation. In the P group, no changes in muscle free creatine, CrP, total creatine or ATP content were observed over time. Between groups, CrP and total creatine content were significantly higher in the C group after the 5 day loading phase.
Before the supplementation protocol, muscle citrate synthase activity averaged 12.9p2.0 and 13.0p1.6 mmol : kg of wet mass −" : min −" , in the C (n l 9) and P (n l 10) group respectively. No significant changes in citrate synthase activity were observed after the loading phase (14.2p1.6 and 12.2p1.0) or after the entire Ergogenic effects of creatine loading and prolonged creatine use Table 2 Muscle creatine content Results are expressed as the meanspS.E.M. Free creatine, CrP, total creatine content and ATP are expressed in mmol : kg of dry muscle − 1 . *, significantly different from day 0 within group ; †, significantly different from day 6 within group ; ‡, significantly increased compared with the P group (P 0.05).
C group (n l 9) P group (n l 10) Results are expressed as the meanspS.E.M. Fat and carbohydrate (CHO) oxidation rates (in g : min − 1 ) at the 40, 50 and 60 % Wmax workload. Average workload (in W) and total external work generated (in KJ) during the 20 min subsequent TT. *, significantly different from day 0 within each group ; no significant differences in the relative contribution of fat or carbohydrate oxidation to total energy expenditure between groups ; †, significant difference in TT parameters between groups (P 0.05).
C group (n l 9) P group (n l 10) 
VO 2 max test
Maximal workload performed during the incremental exhaustive exercise test [25] was 274p7, 284p8 and 286p9 W in the C group, and 291p10, 313p11 and 310p14 W in the P group, before, after the loading phase and after 6 weeks of continued supplementation respectively. Concomitant V} O # max (litre : min −" ) averaged 3.58p0.14, 3.54p0.17 and 3.44p0.12 in the C group, and 3.93p0.17, 3.93p0.14 and 3.89p0.14 in the P group, respectively. Peak heart rate (beats : min −" ) during this test averaged 202p9, 198p10 and 200p9 in the C group, and 197p2, 192p2, 197p2 in the P group, respectively. No significant differences were observed within or between groups.
HIT test
In both the C and P groups, peak power generated in each consecutive sprint decreased in time during each HIT session (P 0.05). No differences were observed in peak power in the 12 sprints at day 0 between groups, although values tended to be higher in the P group (P l 0.07).
Following creatine loading, peak power increased in all 12 sprints compared with pre-supplementation values, reaching statistical significance in seven sprints (P 0.05). Peak power was still increased after the entire supplementation period, again reaching statistical significance in seven sprints compared with pre-supplementation values (P 0.05). No significant change in peak power was observed between day 6 and day 42. Calculated total external work generated during each 12 s sprint was significantly increased in sprints 4 and 11 (at day 6), and in sprints 1, 2, 4 and 11 (at day 42) compared with pre-supplementation values (P 0.05). Results are expressed as the meanspS.E.M. There were no significant differences between day 0, day 6 and day 42 at each workload within groups. *P is significantly lower value in the P group compared with values obtained at the same workload at the same day (day 6) in the C group (P 0.05).
In the P group, peak power was significantly increased in only two sprints (at day 6) compared with pre-supplementation values. No changes were observed in total external work between sprints performed at day 0, 6 and 42.
To accurately compare between groups, changes in peak power and total external work generated in each consecutive sprint were expressed relative to pre-supplementation values. After calculating the average change in peak power and total external work at day 6 and day 42, significant differences were observed between groups at day 6 (P 0.05), but not at day 42. In the C group, peak power was increased by 7.03p1.0 % (at day 6) and 6.47p1.6 % (at day 42) per sprint compared with 3.06p1.4 % and 2.82p1.7 % in the P group respectively. Similar results were observed in the average increase in total external work generated during each sprint ; 8.21p1.4 and 7.83p2.0 % and 3.16p1.6 and 3.28p2.0 % at day 6 and 42 in the C and P groups respectively (P 0.05 at day 6 between groups).
END test
In the END test all subjects cycled for 20 min at 40, 50 and 60 % Wmax, respectively, followed by a 20 min TT. In the C group, subjects cycled at 111p3, 139p4 and 167p5 W at the 40, 50 and 60 % Wmax workload respectively. Fat and carbohydrate oxidation rates are shown in Table 3 . No significant changes over time were observed during the 6 week supplementation period. In the P group, subjects cycled at 117p4, 146p5 and 175p6 W respectively. A single significant lower fat oxidation rate was observed in the P group at day 42 compared with day 0 at the 50 % Wmax workload (P 0.05 ; Table 3 ). As the same relative workload was performed in both the C and P groups, with absolute workloads being slightly different between groups (not significant ; P l 0.18), substrate utilization rates were compared between groups on a relative basis. No significant differences in fat or carbohydrate oxidation rates (expressed as % of total energy expenditure) were observed between groups (results not shown).
Plasma lactate and ammonia concentrations are shown in Figures 1 and 2 respectively. Both plasma lactate and ammonia concentrations increased with increasing exercise intensity in both the C and P groups (P 0.05). Plasma lactate concentrations at rest and during each workload did not change significantly over the supplementation period in either the C or P group (P l 0.20). Plasma lactate concentrations were different between groups at day 6 at t l 35 min (50 % Wmax workload) and t l 50, 55 and 60 min (60 % workload ; Figure 1 ). In accordance, statistical analysis did not show any significant effect of creatine supplementation on plasma ammonia concentrations. No differences were observed in ammonia concentrations within or between groups following the supplementation period at each exercise intensity.
In the TT, the overall workload averaged 70.7p1.2 % Wmax during the 20 min period. Average workload and total external work generated during the TT are provided in Table 3 . Between groups, average workload and total external workload tended to be higher in the P group at Ergogenic effects of creatine loading and prolonged creatine use Results are expressed as the meanspS.E.M. There were no significant differences between day 0, day 6 and day 42 at each workload within or between groups (P 0.05).
Table 4 Body composition measurements
Results are expressed as the meanspS.E.M. ∆body mass and ∆fat-free mass, difference in body mass and fat-free mass compared with pre-supplementation values (day 0). *, significant increase compared with day 0 within group ; †, significantly different compared with the placebo group (P 0.05).
C group (n l 9) P group (n l 10) day 0 (P l 0.06), day 6 (P l 0.05) and significantly higher at day 42 (P 0.01). However, both average, as well as total external, workload did not change in time following supplementation in the C or P group.
Body composition
The results from the body composition measurements are shown in Table 4 . In the C group, 5 days of creatine loading significantly increased body mass by 1.2p0.2 kg (P 0.05). This gain in body mass was retained after the entire 6 week supplementation period (j1.1p0.4 ; P 0.05). In the P group no changes in body mass (0.3p0.3 and k0.1p0.3 kg respectively) were observed. The relative changes in body mass (∆body mass) were significantly different between groups (P 0.05). No changes were recorded in body fat percentage or fat mass in either the C or P group. Interestingly, fat-free mass strongly tended to be increased after 6 weeks of supplementation in the C group (P l 0.06). The gain in fat-free mass (∆fat-free mass) in the C group was equal to the increase in body mass (1.0p0.6 versus 1.1p0.4 kg respectively).
DISCUSSION
Significant increases in muscle free creatine, CrP and total creatine were observed following 5 days of creatine loading (20 g : day −" ). The observed increases are in accordance with those reported in previous studies [1] [2] [3] [4] [5] .
Subsequent switching to a daily maintenance dose of 2 g : day −" , as recently suggested by an expert committee during the American College of Sports Medicine Roundtable meeting [11] , for a total period of 6 weeks resulted in a significant reduction in muscle CrP and total creatine content to values that were not significantly different from baseline values ( Table 2) . Only the muscle free creatine concentration remained elevated at the level obtained following creatine loading (Table 2 ). Our present findings, for reasons that are not clear, are in contrast with those of Hultman et al. [5] , who concluded that a maintenance dose of 2 g : day −" was enough to maintain both muscle CrP and total creatine content at the levels obtained after creatine loading. One of the reasons to explain the gradual decline in muscle CrP and total creatine content, as seen in our subjects, could be the down-regulation of muscle creatine transporters [33, 34] in response to the increase in intramuscular creatine storage. Such a down-regulation has been observed in rats on a high creatine diet for several weeks [33, 34] .
Other potential explanations could be that the suggested 2 g : day −" maintenance dose simply does not compensate for increased daily creatine degradation rates following an increase in the total muscle creatine pool. Alternatively, it could be hypothesized that creatine absorption in the gastrointestinal tract is down-regulated. In any case, the conclusion from our study is that in humans a supplementation dose of 2 g : day −" does not by definition maintain the muscle creatine stores at the level obtained after creatine loading. A substantial increase in (repeated) high-intensity exercise performance capacity was observed after 5 days of creatine loading in the C group. Creatine supplementation resulted in a significant increase in average peak power and total external work generated during the sprints performed in the HIT test compared with the group receiving the placebo. The mechanism behind this performance effect probably lies in the elevated muscle CrP content, which increases the capacity for ATP rephosphorylation (CrPjADP creatinej ATPjH + ), thereby increasing the potential to maintain high-power outputs during repeated short bouts of supramaximal exercise, during which energy is primarily derived from the ATP-CrP system [35, 36] . Improvements in performance during repeated bouts of highintensity exercise have been observed in previous studies [3, [6] [7] [8] [9] [10] [11] 37 ] after 5-6 days of creatine loading.
Interestingly, high-intensity exercise performance remained enhanced after 6 weeks of continued creatine supplementation within the C group, despite the fact that muscle CrP content had returned to baseline values. This may suggest that the increase in muscle free and total creatine remaining in the C group after 6 weeks ( Table 2) results in an increased CrP rephosphorylation rate during the active rest period in between sprints, as previously suggested by Greenhaff et al. [2] . Another potential explanation is an increase in the muscle mass that is used in the HIT test (see below). However, the increased performance in the HIT test after the 6 week supplementation period was not significantly different from the P group. We conclude that both short-term and prolonged creatine supplementation (using a maintenance dose of 2 g : day −" , following the initial loading phase), improved performance capacity during repeated high-intensity sprints on a cycle ergometer.
Creatine loading for 6 days and a total 6 week period of continued creatine supplementation with a 2 g : day −" maintenance dose did not influence endurance performance as measured during the TT on a cycle ergometer. This result is in line with previous studies investigating the effects of creatine loading (5-6 days) on performance during endurance types of exercise [12] [13] [14] . However, this is the first study that investigated the effect of prolonged creatine supplementation on endurance exercise capacity, whole body and muscle oxidative capacity in humans. In contrast with previous findings in sedentary rats [15] , suggesting that prolonged creatine supplementation increases muscle oxidative capacity (using citrate synthase acitivity as a marker for muscle mitochondrial content), we did not observe an increase in citrate synthase activity of the vastus lateralis muscle in our human subjects after creatine loading or after 6 weeks of continued supplementation. In addition, on a wholebody level, we did not observe an increase in V} O # max or Wmax after creatine loading, or after 6 weeks of prolonged creatine supplementation. An increase in muscle and\or whole-body oxidative capacity would have led to an increased capacity to oxidize fat and a subsequent reduction in blood lactate and ammonia concentrations during cycling exercise at 40, 50 and 60 % Wmax. However, in line with our findings, no differences were observed in these variables between the C and P group, or over time within each group (Table 3, and Figures 1 and  2) . Together, these results provide definite evidence that the applied creatine supplementation protocol does not lead to an increase in oxidative capacity in healthy untrained humans.
Creatine loading is usually accompanied by a 1-2 kg increase in body mass [2, 7, 10, 11, [17] [18] [19] [20] . In our subjects, we observed a significant 1.2p0.2 kg increase in body mass in the C group after creatine loading, with body mass remaining unchanged in the P group (0.3p 0.3 kg; Table 4 ). This initial increase in body mass has previously been attributed to an increase in total body water, caused by water retention in skeletal muscle cells due to increased cellular osmolarity [5, 7, 11, 21] . Interestingly, cell swelling has been identified as a universal anabolic signal, stimulating protein synthesis and net protein deposition [38] . In agreement with this, Ingwall [22] , using differentiating skeletal muscle cells in culture, showed that muscle-specific protein synthesis is stimulated by creatine. However, this has not been confirmed in subsequent studies in vitro [39, 40] . Nonetheless, creatine supplementation has often been associated with increased muscle anabolism, mainly due to the fact that prolonged creatine supplementation in combination with regular (strength) training has been shown to result in a significantly larger increase in muscle mass [10, 11, 41] than in a control group not supplemented with creatine. More recent results by Parise et al. [24] suggest that net muscle protein anabolism following short-term creatine supplementation can be explained by a reduction in protein catabolism (in men) rather than an increase in protein synthesis. However, it is not yet clear whether the (net) anabolic effect of creatine supplementation observed in humans involved in regular strength training is entirely independent of potential increases in training load [10, 11, 23, 41] .
In the present study, we observed that the initial increase in body mass (j1.2p0.2 kg) following creatine loading was maintained after the entire 6 week supplementation period (j1.1p0.4 kg ; P 0.05) ( Table 4) . Body composition measurements revealed a corresponding increase in fat-free mass (j1.0p0.6 kg) after the 6 week creatine supplementation period in the C group (not significant ; P l 0.06). These findings suggest that prolonged creatine supplementation can increase fat-free mass, even in the absence of a regular strength training programme. This finding could be of substantial clinical importance and seems to confirm the recent suggestion by Hespel et al. [23] that creatine intake could potentially induce muscle hypertrophy even in the absence of exercise training.
In conclusion, short-term creatine loading increases muscle free creatine, CrP and total creatine content. The subsequent use of a 2 g : day −" maintenance dose, as suggested by the recent American College of Sports Medicine Roundtable meeting, for 37 days results in a decrease in both muscle CrP and total creatine content and maintenance of the elevated free creatine concentration. Both short-and long-term creatine supplementation improve performance during repeated, supramaximal 12 s sprints on a cycle ergometer. However, whole-body and muscle oxidative capacity, substrate utilization rates during submaximal cycling exercise and endurance performance during a TT on a cycle ergometer are not affected. The initial increase in body mass following creatine loading is maintained following 6 weeks of continued supplementation and is fully accounted for by an increase in fat-free mass.
